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Plant toxinsRicin is a plant toxin with high bioterrorism potential due to its natural abundance and potency in inducing cell
death. Early detection of the active toxin is essential for developing appropriate countermeasures. Here we
review concepts for designing ricin detection methods, including mechanism of action of the toxin, advantages
and disadvantages of current detection assays, and perspectives on the future development of rapid and reliable
methods for detecting ricin in environmental samples.
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Ricin is a naturally occurring toxin found in the seeds of the castor
plant (Ricinus communis), which is globally cultivated and processed
in large quantities. Ricin has been used as a biothreat agent in the past
and has gained national attention due to its remarkable toxicity. The
toxicity associated with ricin has long been established with over 700
human intoxications reported, dating as far back as the late 1800s
(Balint, 1974). A summary of notable accounts can be found in
Table 1, including a recent case report of a fatality due to the ingestion
of an herbal product containing a lethal level of castor bean powder
(Assiri, 2012). In many of the other recent examples provided, anti-
government and terrorist groups were involved in the attempted use
of ricin as a bioweapon. Its history of use as a weapon has led to ricin
being categorized by the US Centers for Disease Control and Prevention
(CDC) as a category B biothreat agent (CDC Strategic Planningss article under the CC BY-NC-ND liceWorkgroup, 2000; Department of Health and Human Services, 2005)
and its possession, transfer, and use are subject to domestic and interna-
tional regulations (Department of Health and Human Services, 2005;
Depositary Governments, 1972).
Ricin is a type 2 ribosome-inactivating protein (RIP) composed of A-
and B-polypeptide chains covalently linked via a single interchain disul-
ﬁde bond (S\S). Ricin gains cellular entry through the lectin binding
properties associatedwith the 34 kDa ricin B-chain (RTB). X-ray crystal-
lography (Rutenber andRobertus, 1991) and other biophysicalmethods
(Blome and Schengrund, 2008; Gustafson, 2003; Houston and Dooley,
1982) have revealed that ricin preferentially binds to the abundant
galactose-containing glycoproteins and glycolipids that line the surface
of the cell. Using cultured HeLa cells and [125I]-labeled ricin, Sandvig
et al. (1976) detected approximately 3.3 × 107 toxin binding sites per
cell with an association constant of 2.6 × 107 M−1. Ricin bound to the
cell surface is internalized via endocytic vesicles which facilitate its
retrograde transport through the Golgi and endoplasmic reticulum,
after which it is extruded into the cytosol where the A-chain of ricin re-
natures and then attacks and inactivates ribosomes with high efﬁciencynse (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Notable incidents involving the biological toxin ricin.
Date and location Summary of incident
Washington, DC, US (2013) Shannon Richardson was arrested for sending ricin laced letters to politicians including president of the United States of
America Barack Obama and Mayor Michael Bloomberg.
Washington, DC, US (2013) Envelopes addressed to president of the United States of America Barack Obama and Senator Roger Wicker were intercepted
and found to be contaminated with ricin.
Abha, Saudi Arabia (2012) A lethal ricin poisoning due to ingestion of an herbal medicine mixture containing ricin.
Georgia, US (2011) Four members of a domestic militia group were arrested for plotting to make and use over 10 lb of ricin.
Washington, US (2009) Patrons and employees at several gay bars in the city of Seattle were threatened with ricin poisoning.
Nevada, US (2008) Roger Von Bergendorff was arrested for possession of a large amount of ricin, ﬁrearms, and anarchist propaganda.
London, UK (2003) Six members suspected to be involved with the “Chechan network” were arrested and found to possess traces of ricin, castor
beans, and ricin puriﬁcation equipment.
South Carolina and Washington, DC, US (2003) Letters and packages laced with ricin were intercepted at several postal mail facilities in South Carolina and Washington, D.C.
Ricin contamination was also detected at United States Senator Bill Frist's mailroom.
Iraq (2002) The Sunni militant group, Ansar al-Islam, was reported to be testing aerosolized ricin on animals.
Washington, US (2002) Kenneth Olsen was arrested for possession of 1 g of ricin.
Michigan, US (1998) Dwayne Kuehl was arrested for the attempted use of ricin against a city ofﬁcial.
Michigan, US (1998) Four members of the North American Militia were arrested and charged for weapons and conspiracy. During the investigation, a
videotape was found which described how to purify ricin from castor beans in a cooking-show format.
Wisconsin, US (1997) Thomas Leahy was found to possess 0.67 g of ricin mixed with nicotine and some type of solvent. He also was believed to be
attempting to lace razor blades with ricin.
Missouri, US (1995) Michael Farrar was food poisoned with castor beans by his wife Debora Green, which led to several heart and brain surgeries.
Arkansas, US (1995) Thomas Lavy was caught and found to possess an astonishing 130 g of ricin.
Minnesota, US (1994–1995) A tax-protesting militia group was the ﬁrst to be convicted for possession of ricin under the 1989 Biological Weapons
Anti-Terrorism Act.
Texas, US (1982) William Chanslor was convicted of attempting to euthanize his wife by ricin intoxication.
Virginia, US (1981) Boris Korczak, a CIA double agent, was shot with a ricin laced pellet which penetrated his kidney.
London, UK (1978) Georgi Markov, a Bulgarian dissident, was assassinated through the use of a ricin laced bullet ﬁred from an umbrella-like gun.
All incidents were derived from reports in open sources.
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vate 1777 ribosomes per minute (Endo and Tsurugi, 1988). Ribosome
inactivation is enzymatically accomplished by the 32 kDa ricin A-chain
(RTA), which is a highly active N-glycosidase responsible for selectively
deadenylating the ﬁrst adenine in a GAGA sequence in the α-sarcin/
ricin loop (SRL) of 28S rRNA (Endo and Tsurugi, 1987; Parikh et al.,
2008). Removal of this adenine prevents mammalian elongation
factor-2 from binding to the ribosome (Brigotti et al., 1989), whichFig. 1. Intracellular uptake of ricin and ribosome inactivation. Ricin can be internalized
through clathrin-dependent and clathrin-independent endocytosis; once inside the cell
ricin proceeds from the early endosome into the trans-Golgi network. Ricin then progresses
from the Golgi into the endoplasmic reticulum (ER) through retrograde trafﬁcking; its
catalytic A-chain is released into the cytosol where it inactivates the ribosome.blocks protein synthesis and activates cell death pathways (Stirpe and
Battelli, 2006; Walsh et al., 2013). Ultimately, the cytotoxicity of ricin
can lead to organ failure and death.
This review summarizes current approaches for the detection of
ricin that can aid in the development of countermeasures against a
ricin biothreat. We divide these detection methods based on their
ability to distinguish between biologically active and inactive ricin
toxin. Based on our review, we provide a prospective on a future well-
tailored ricin detection method.
Ricin detection methods
Many different approaches towards developing simple, reliable, and
sensitive methods for ricin detection have been investigated. We de-
scribe and differentiate two distinct classes of ricin detection methods;
those that detect biologically active ricin and those that do not (see
Tables 2 and 3 and Fig. 2). It is critical for a ricin detection method to
be capable of distinguishingbetween active and inactive ricin for several
reasons. During the initial response to a suspected ricin exposure, infor-
mation regarding the level of ricin bioactivity will greatly inﬂuence the
emergency response plan necessary to protect public health, especially
in the case of contaminated foods or food production facilities. In re-
sponse to an intentional attack using ricin, assays that can detect biolog-
ically active ricin will be needed to aid in site decontamination and
sample disposal by clarifying whether the toxic activity has been
destroyed. Additionally, the availability of biological assays can facilitate
the development of ricin-related therapeutic and medical countermea-
sure products. In this regard, appropriate biological assays for ricin are
necessary to evaluate product quality and manufacturing consistency.
A myriad of ricin containing therapeutics have been developed where
the ricin toxin can be selectively delivered to diseases such as cancer,
HIV, and graft versus host disease (GVHD) (Shapira and Benhar, 2010).
Methods that cannot identify biologically active ricin
Ricin detection methods have been developed that exploit the in-
trinsic physical and biochemical properties associated with the toxin,
such as molecular weight, ionic charge, antigen epitopes, and genomic
Table 2
Notable ricin detection methods that cannot detect biological activity.
Ricin detection method Ricin enrichment method Sample matrix LOD Time Reference
Sandwich-type ELISA Antibody immobilized to silicone rods Buffer and body ﬂuids 10–100 fmol 10 h Koja, 1980
Colorimetric and chemiluminescence ELISA Antibody conjugated to microtiter plate Buffer and body ﬂuids 0.1–0.5 ng/ml 3–24 h Poli, 1994
Fiber optic-based biosensor Antibody conjugated to optical ﬁber Buffer and river water 0.1–1 ng/ml 20 min Narang, 1997
Colloidal immunochromatographic assay Antibody conjugated nitrocellulose membrane Buffer 0.1–50 ng/ml 10 min Shyu, 2002b
Inca bioanalytical microarray platform Antibody conjugated to IncaSlide Buffer and milk 0.5–1 ng/ml 90 min Weingart, 2012
xMAP microspheres immunoassay Antibody conjugated to xMAP microspheres Buffer and milk 0.01–0.03 ng/ml 2.5 h Simonova, 2012
DNA aptamer and Raman scattering technique Aptamer conjugated to magnetic particles Buffer and beverage 25 ng/ml Not reported Lamont, 2011
SPR Antibody conjugated to SPR chip Buffer and environmental
samples
0.1 ng/ml 15 min Tran, 2008
Hand-held SPR Antibody conjugated to SPR chip Buffer 200 ng/ml 10 min Feltis, 2008
Localized SPR β-lactoside-coated Au nanoparticle SPR chip Buffer 30 ng/ml 7.5 min Nagatsuka, 2013
SPR Glycans conjugated to SPR chip Buffer 10 pg/ml 5 min Uzawa, 2008
SPR sdAb conjugated to SPR chip Buffer 0.7 ng/ml 2–6 min Anderson, 2013
sdAb-QD ﬂuoroimmunoassay sdAb conjugated to 96-well plate Buffer 1 ng/ml Not reported Anderson, 2013
Microring resonator array sdAb conjugated to microring resonator array Buffer 300 pM 15 min Shia, 2013
Lectin pull-down Galactose-magnetic iron-oxide nanoparticles Buffer and serum 2–4 ng/ml 3 h Liu, 2011
Sandwich-type glyco immunoassay Lactose chip Buffer 80 ng/ml 20 min Huebner, 2013
Immuno-PCR Antibody conjugated to microtitration plate Ground beef, milk, and egg 0.01–0.1 ng/ml Not reported He, 2010
Nano LC–MS Lactose-immobilized monolithic spin column High protein solution 8 ng/ml 5 h Kanamori-Kataoka,
2011
Immunocapture and MALDI-TOF/MS Antibody conjugated to magnetic particles Buffer and milk 50 ng/ml 6 h Duriez, 2008
119W.P. Bozza et al. / Biotechnology Advances 33 (2015) 117–123ﬁngerprints. Of these, ricin immuno-based detection methods, such as
enzyme-linked immunosorbent assays (ELISA) and handheld lateral
ﬂow immunochromatographic devices (LFID) (Dayan-Kenigsberg
et al., 2008; Fulton and Thompson, 2007), are heavily represented in
the literature and have advantages in speciﬁcity, simplicity, and analysis
time. Surprisingly, some of the earliest ELISA methods developed
using colorimetric and chemi-luminescence detection are still competi-
tive in terms of detection limits (Koja et al., 1980; Poli et al., 1994;
Shyu et al., 2002a). The use of ﬂuorescence-based ﬁber optics (Narang
et al., 1997), colloidal gold particles (Shyu et al., 2002b), and
electrochemiluminescence (Garber and O'Brien, 2008), has signiﬁcantly
improved assay timeswithout sacriﬁcing the sensitivity associatedwith
the classical ELISAs. Variations in the solid phase surface of the immuno-
assay have been also investigated by using magnetic microspheres (Yu
et al., 2000) and gold-coated magnetoelastic sensor surfaces (Ruan
et al., 2004; Shankar et al., 2005). The use of microspheres generated
an increase in collective surface area, providing improvements in sensi-
tivity and assay time, while a magnetoelastic sensor surface also helped
to reduce total assay time. The use of microarrays, which include panels
of antibodies for simultaneous detection of a variety of antigenic targets
of interest, allowedmultiplexed detection of ricin in parallel with other
harmful toxic agents, such as cholera toxin, staphylococcal enterotoxins
A and B, Bacillus globigii, botulinum toxin A, Yersinia pestis, and heat la-
bile toxin of Escherichia coli, and provided dramatic improvements in
assay utility and ﬂexibility (Delehanty and Ligler, 2002; Garber et al.,Table 3
Notable ricin detection methods that can detect biological activity.
Ricin detection method Ricin enrichment method
[3H]-adenine release from DNA N/A
Luminescent adenine release assay N/A
[3H]-borohydride labeling N/A
qPCR rRNA depurination assay N/A
Immunoafﬁnity and LC–MS adenine release assay Antibody conjugated to magnetic bead
Isotope dilution MS and deadenylase activity assay Antibody conjugated to magnetic bead
Serum peptide proﬁling by MALDI-TOF/MS Magnetic beads
Cellular GFP cytotoxicity assay N/A
Cellular GFP cytotoxicity assay N/A
aSensoLyte AMC Caspase 3/7 assay N/A
Cellular impedance cytotoxicity assay N/A
aHigh-throughput cytotoxicity assay N/A
aHigh-throughput cytotoxicity assay N/A
Mouse bioassay N/A
a Denotes that the assay did not determine a limit of detection and the LOD value listed is o2010; Simonova et al., 2012; Wadkins et al., 1998; Weingart et al.,
2012). In other works, the toxin capture antibodies used as receptors
were substituted by DNA/RNA aptamers (Haes et al., 2006; Kirby et al.,
2004; Lamont et al., 2011), single domain antibodies (Anderson et al.,
2013; Shia and Bailey, 2013; Stine et al., 2005), and sugar-conjugated
materials (Huebner et al., 2013; Liu et al., 2011). By bypassing tradition-
al antibodies, improvements can be made in regard to reagent stability
and storage life. Finally, by combining sample enrichment steps (using
ricin-speciﬁc antibodies, aptamers, or sugar-conjugated materials)
with enhanced detection technologies, such as surface plasmon reso-
nance (SPR) (Blome et al., 2010; Feltis et al., 2008; Nagatsuka et al.,
2013; Tran et al., 2008; Uzawa et al., 2008), polymerase chain reaction
(PCR) (He et al., 2010; Lubelli et al., 2006), or mass spectrometry (MS)
(Duriez et al., 2008; Kanamori-Kataoka et al., 2011), an added level of
speciﬁcity and sensitivity can be achieved. Despite themany advantages
associated with immunochemical methods for ricin detection, a major
disadvantage exists in the inability to distinguish between biologically
active and inactive ricin. The inability to identify biological activity pre-
vents these detection methods from assessing the actual toxic potential
of a bioweapon threat.
Methods that can identify biologically active ricin
An effective method for ricin detection should address whether a
sample contains biologically active ricin capable of exerting a toxicSample matrix LOD Time Reference
Buffer 1.4–14 μg/ml 40 min Brigotti, 1998
Buffer 1.6–200 ng/ml 30 s–20 min Sturm, 2009
Buffer 400 ng/ml 15 min Ling, 1994
Buffer, detergents, and juice 7 ng/ml 3 h Melchior, 2010
s Water and milk 0.1–0.3 ng/ml 4–24 h Becher, 2007
s Water, milk, and juice 0.6 ng/ml 4–6 h McGrath, 2011
Serum 1 μg/ml Not reported Zhao, 2012
Medium 1 ng/ml 6 h Halter, 2009
Medium, juice, and food paste 0.2 ng/ml 72 h Rasooly, 2012
Buffer 0.1 ng/ml 6 h Jetzt, 2009
Medium, milk, juice, baby food 0.2–14 ng/ml 3.5–60 h Pauly, 2012
Medium 1 nM 27 h Stechmann, 2010
Medium 5 ng/ml 48 h Wahome, 2010
Buffer b7.5 μg/ml 24 h Zhan, 2003
nly the reported concentration value used in the assay.
Fig. 2. Ricin detection methods in relation to biological steps that occur during ricin intoxication. (1) Ricin protein and DNA contamination present in a sample can be readily detected by
immuno-based assays, mass spectrometry, and qPCR techniques. (2) Depurination and adenine release assay detect ricin enzymatic products. Assays that monitor inhibition of protein
translation can detect ribosome inactivation by ricin. (3) Mouse bioassays and cell-based cytotoxicity assays can detect ricin triggered cell death. Ricin X-ray structures (PDB # 3RTI)
were generated using PyMol software.
120 W.P. Bozza et al. / Biotechnology Advances 33 (2015) 117–123effect. Because B-chain glycan binding is necessary for cell penetration
and A-chain enzymatic activity is required for ribosome inactivation,
ricin is highly toxic only if: (1) both A- and B-chains are present,
(2) the B-chain retains its glycan-binding ability, and (3) the A-chain
is catalytically active.
Ricin A-chain (RTA) enzyme activity can be measured using in vitro
cell-free assay methods that detect the immediate products of the
RTA-catalyzed reaction, namely the release of free adenine or the forma-
tion of depurinated reaction products from ribosomal RNA or other RIP
substrate molecules. Alternatively, the RTA-dependent inhibition of
protein synthesis from poly-U RNA or with speciﬁc mRNA transcripts
can be monitored in vitro using ﬂuorography (Harley and Beevers,
1982;May et al., 1989; Olsnes et al., 1975) or with coupled in vitro tran-
scription/translation systems with detection of luciferase activity or
green ﬂuorescent protein reporter gene expression (Mei et al., 2006).
Ricin can be formally classiﬁed as a ribosomal RNAN-glycosidase [EC
3.2.2.22] because its cytotoxic activity is related to its ability to
depurinate a single adenosine located in the SRL of 28S rRNA. However,
ricin can also be described as polynucleotide:adenosine N-glycosidase
because ricin catalyzes depurination reactions with alternativeadenosine-containing RNA and DNA substrates. Thus, monitoring the
release of free adenine provides a convenient means for assessing the
catalytic activity of ricin.
The RTA-catalyzed release of unlabeled free adenine from intact ri-
bosomes or from natural and synthetic DNA and RNA substrates has
been quantiﬁed using reverse phase HPLC with UV (Chen et al., 1998)
or MS detection (Hines et al., 2004) or with pre-column derivatization
using chloroacetaldehyde and ﬂuorescent detection (Zamboni et al.,
1989). Although conversion of free adenine to theﬂuorescent derivative
1,N(6)-ethenoadenine using chloroaldehyde involves an additional
step, it provides a signiﬁcant increase in sensitivity compared to UV
detection and the ethenoadenine product exhibits improved retention
and chromatographic resolution from other reaction components.
The RTA-catalyzed release of [3H]-adenine from labeled pBR322
plasmid DNA fragments has been quantiﬁed using liquid scintillation
counting (Brigotti et al., 1998). RTA-dependent adenine release from
natural and synthetic polynucleotide RIP substrates has also been de-
tected using coupled enzyme reactions monitored colorimetrically
(Heisler et al., 2002) or with chemiluminescence (Brigotti et al., 1998;
Sturm and Schramm, 2009). Many RTA activity assay methods utilize
121W.P. Bozza et al. / Biotechnology Advances 33 (2015) 117–123intact ribosomes because the highest reaction rates are observed with
this type of substrate. In 1987, Endo and Tsurugi (1987) reported that
the enzyme catalytic constant for RTA-catalyzed reactions with rat
liver ribosomes (kcat 1777 min−1) was much greater than the catalytic
constant measured for reactions with puriﬁed rat liver 28S rRNA (kcat
0.02min−1). In some cases, however, RTA assaymethods using alterna-
tive DNA or RNA substrates exhibit offsetting enhancements in sensitiv-
ity gained by the use of radiochemical or chemiluminescent detection
methods and by coupling the RTA-dependent reaction with additional
enzyme-catalyzed reactionswhich can bemeasuredwith greater sensi-
tivity. Moreover, because multiple adenines may be released from a va-
riety of sites within larger polynucleotide substrates such as total RNA,
herring sperm DNA, or pBR322 fragments, assay designs that measure
the more general polynucleotide:adenosine N-glycosidase activity of
RTA may exhibit an additional gain in sensitivity when compared to
assay designs that monitor only the single adenine released from the
28S rRNA SRL GAGA target sequence. For this reason, adenine release
assays for RTA that monitor its general polynucleotide:adenosine
N-glycosidase activity in acidic buffers (e.g., pH 4–5) take advantage of
the increased reaction rates and relaxed substrate speciﬁcity observedFig. 3.Proposed future ricin detectionmethod. Ricin can be enriched froma contaminated sampl
Enriched ricin can then be incubated with a 12-mer RNA substrate that mimics the GAGA seque
will deadenylate the substrate and release free adenine into the solution. After-trypsin mediat
identiﬁcation of ricin peptide ﬁngerprints and deadenylated RNA substrate. Together this metho
setting.under these conditions. Furthermore, it has been shown that some syn-
thetic substrates can be depurinated efﬁciently by ricin. Notably, Sturm
and Schramm (2009) utilized a coupledmulti-enzyme/luciferase-based
assay system to measure adenine release from intact yeast 60S ribo-
somes (kcat 460 min−1), rabbit 80S ribosomes (kcat 2310 min−1), and
synthetic stem–loop oligonucleotide substrates. They found that a 14-
base a synthetic oligonucleotide substrate designated A14 2-dA exhibit-
ed reaction kinetics (kcat 1110 min−1) that were intermediate between
those of the two types of intact ribosomes they tested. Higher substrate
concentrations are typically used to overcome the higher Km values as-
sociated with most synthetic stem–loop oligonucleotide substrates for
detecting RTA activity. But this minor disadvantage is balanced by the
beneﬁts of low cost, simplicity of use, and ease of storage associated
with oligonucleotide substrates for RTA.
Depurinated RNA or DNA reaction products generated by ricin en-
zyme activity have been detected using agarose gel electrophoresis
(Endo and Tsurugi, 1988), radiolabeling with [3-H]-borohydride (Ling
et al., 1994), [32P]-labeled primer extension (May et al., 1989), quantita-
tive real-time PCR (Melchior and Tolleson, 2010), hybridization to a
cleavage-sensitive oligonucleotide with electrochemiluminescenteusing glyco-coated beads or plates, based on the lectin bindingproperties of ricin B-chain.
nce in theα-sarcin/ricin loop (SRL) of 28S rRNA. A sample containing active ricin A-chain
ed protein digestion, mass spectrometry analysis of the sample will allow for a paralleled
dology allows for detection of fully functional and active ricin in a simpliﬁed experimental
122 W.P. Bozza et al. / Biotechnology Advances 33 (2015) 117–123detection (Cho et al., 2009), and LC–MS (Bevilacqua et al., 2010; Kalb
and Barr, 2009; McGrath et al., 2011). Notably, by complementing
ricin-speciﬁc sample enrichment stepswith RTA enzymeactivity assays,
ricin could be selectively identiﬁed while conﬁrming A-chain activity in
parallel (Becher et al., 2007; Bevilacqua et al., 2010; He et al., 2010;May
et al., 1989), allowing distinction from nontoxic monomeric type 1 RIP
toxins. In addition to anti-ricin antibodies, ricin-speciﬁc RNA aptamers
(Haes et al., 2006; Kirby et al., 2004; Lamont et al., 2011) and carbohy-
drate compounds (Huebner et al., 2013; Liu et al., 2011) have also
been evaluated for recovering ricin from suspect contaminated
samples (Blome and Schengrund, 2008; Stine et al., 2005; Uzawa
et al., 2008). Carbohydrate ligands selectively bind to the ricin
B-chain. Therefore, ricin sample enrichment steps that target its
B-chain also aid in discriminating between heterodimeric type 2
RIP toxins and monomeric type 1 RIP toxins, because the latter only
possess the A-chain activity and lack the cell-binding activity provided
by type 2 RIP toxin B-chains.
Animal or cell based-toxicity assays can conﬁrm functional B-chain
and active A-chain by assessing animal survival timeand cell death. Spe-
ciﬁcally, mouse bioassays have been used for ricin detection either by
monitoring survival time (Fodstad et al., 1976; Zhan and Zhou, 2003)
or by serum peptide proﬁling (Zhao et al., 2012). Using in vitro cell-
based assay systems, either inhibition of protein synthesis (Halter
et al., 2009; Rasooly and He, 2012; Saenz et al., 2007; Stechmann
et al., 2010) or cell viability (Jetzt et al., 2009; Oda et al., 1997; Pauly
et al., 2012; Wahome et al., 2010) can be monitored in order to detect
biologically active ricin. One disadvantage of these assays is selectivity,
because other harmful toxins may elicit a similar cytotoxic effect.Conclusions and perspectives on future ricin detection methods
Although many of the ricin detection methods discussed in this re-
view provide for robust, sensitive, and quantitative ways to detect
ricin, detection assays that can distinguish between biologically active
and inactive ricin are essential for evaluating the lethality of a bioterror-
ism threat and also for monitoring site decontamination procedures.
However, many of the biological assays discussed here that can detect
toxicity and A-chain activity have limitations in selectivity and cannot
distinguish ricin from other harmful toxins. For these reasons, it is nec-
essary to utilize an integrated approach in the development of an ideal
ricin detection method. The optimal assay design would have a rapid
and efﬁcient enrichment step, an A-chain activity checkpoint, and a
selectivity step that can distinguish ricin from other bioactive toxins.
Indeed, streamlined assays have been developed for ricin, where ricin
is enriched from samples through the use of ricin speciﬁc antibodies
(Kalb and Barr, 2009; McGrath et al., 2011). However, this format is
unable to conﬁrm B-chain lectin functionality and, therefore cannot
guarantee the sequestered ricin is capable of penetrating a host cell
membrane and exert toxicity. A viable approach for sample enrichment
would be the use of sugar-conjugated materials that exploit the lectin
binding properties of the ricin B-chain. Several glycosphingolipids and
synthetic sugars that bind to ricinwith high afﬁnity have been identiﬁed
(Blome and Schengrund, 2008; Stine et al., 2005; Uzawa et al., 2008).
After sample enrichment, development of mass spectrometry
methods that could simultaneously identify ricin peptide ﬁnger-
prints and in vitro RNA substrates that have been deadenylated by
active ricin A-chain would allow for quick and sensitive detection
of biological active ricin. Together, in a few very efﬁcient steps, this
assay could detect functional B-chain necessary for cell penetration,
conﬁrm A-chain activity required to inactivate the ribosome, and
selectively identify ricin as the harmful toxin (Fig. 3). Additionally,
a robust cell-based assay that can detect ricin cytotoxicity can be
used as a conﬁrmatory test. Ideally, this cellular cytotoxicity can be
detected using sensitive methods such as ﬂuorescence or lumines-
cence based molecular probes.Acknowledgment
We thankDrs. Amy Rosenberg, Serge Beaucage, and XuDi for critical
reading of themanuscript. This work is funded by theUS Food andDrug
Administration (FDA) Medical Countermeasure Initiatives. The views
presented in this article do not necessarily reﬂect those of the Food
and Drug Administration.
References
Anderson GP, Glaven RH, Algar WR, Susumu K, Stewart MH, Medintz IL, et al. Single domain
antibody–quantum dot conjugates for ricin detection by both ﬂuoroimmunoassay and
surface plasmon resonance. Anal Chim Acta 2013;786:132–8.
Assiri AS. Ricin poisoning causing death after ingestion of herbal medicine. Ann Saudi
Med 2012;32:315–7.
Balint GA. Ricin: the toxic protein of castor oil seeds. Toxicology 1974;2:77–102.
Becher F, Duriez E, Volland H, Tabet JC, Ezan E. Detection of functional ricin by immuno-
afﬁnity and liquid chromatography–tandemmass spectrometry. Anal Chem 2007;79:
659–65.
Bevilacqua VLH, Nilles JM, Rice JS, Connell TR, Schenning AM, Reilly LM, et al. Ricin activity
assay by direct analysis in real time mass spectrometry release detection of adenine
release. Anal Chem 2010;82:798–800.
Blome MC, Schengrund CL. Multivalent binding of ricin to bovine serum albumin-based
neoglycoconjugates. Toxicon 2008;51:1214–24.
Blome MC, Petro KA, Schengrund CL. Surface plasmon resonance analysis of ricin binding
to plasma membranes isolated from NIH 3T3 cells. Anal Biochem 2010;396:212–6.
Brigotti M, Rambelli F, Zamboni M, Montanaro L, Sperti S. Effect of alpha-sarcin and
ribosome-inactivating proteins on the interaction of elongation factors with ribosomes.
Biochem J 1989;257:723–7. [2-1-1989].
Brigotti M, Barbieri L, Valbonesi P, Stirpe F, Montanaro L, Sperti S. A rapid and sensitive
method to measure the enzymatic activity of ribosome-inactivating proteins. Nucleic
Acids Res 1998;26:4306–7.
CDC Strategic Planning Workgroup. Biological and chemical terrorism: strategic plan for
preparedness and response. MMWR Recomm Rep 2000;49:1–14.
Chen XY, Link TM, Schramm VL. Ricin A-chain: kinetics, mechanism, and RNA stem–loop
inhibitors. Biochemistry 1998;37:11605–13.
Cho CY, Keener WK, Garber EA. Application of deadenylase electrochemiluminescence
assay for ricin to foods in a plate format. J Food Prot 2009;72:903–6.
Dayan-Kenigsberg J, Bertocchi A, Garber EA. Rapid detection of ricin in cosmetics and
elimination of artifacts associated with wheat lectin. J Immunol Methods 2008;336:
251–4. [7-31-2008].
Delehanty JB, Ligler FS. A microarray immunoassay for simultaneous detection of proteins
and bacteria. Anal Chem 2002;74:5681–7.
Department of Health and Human Services. Possession, use, and transfer of select agents
and toxins; 2005. p. 13293–325 [42 CFR 72–73].
Depositary Governments. Convention on the prohibition of the development, production
and stockpiling of bacteriological (biological) and toxin weapons and on their
destruction; 1972.
Duriez E, Fenaille F, Tabet JC, Lamourette P, Hilaire D, Becher F, et al. Detection of ricin in
complex samples by immunocapture and matrix-assisted laser desorption/ionization
time-of-ﬂight mass spectrometry. J Proteome Res 2008;7:4154–63.
Endo Y, Tsurugi K. RNA N-glycosidase activity of ricin A-chain. Mechanism of action of the
toxic lectin ricin on eukaryotic ribosomes. J Biol Chem 1987;262:8128–30.
Endo Y, Tsurugi K. The RNA N-glycosidase activity of ricin A-chain. The characteristics of
the enzymatic activity of ricin A-chain with ribosomes and with rRNA. J Biol Chem
1988;263:8735–9.
Feltis BN, Sexton BA, Glenn FL, Best MJ, Wilkins M, Davis TJ. A hand-held surface plasmon
resonance biosensor for the detection of ricin and other biological agents. Biosens
Bioelectron 2008;23:1131–6.
Fodstad O, Olsnes S, Pihl A. Toxicity, distribution and elimination of the cancerostatic
lectins abrin and ricin after parenteral injection into mice. Br J Cancer 1976;34:
418–25.
Fulton RE, Thompson HG. Fluorogenic hand-held immunoassay for the identiﬁcation of
ricin: rapid analyte measurement platform. J Immunoassay Immunochem 2007;28:
227–41.
Garber EA, O'Brien TW. Detection of ricin in food using electrochemiluminescence-based
technology. J AOAC Int 2008;91:376–82.
Garber EA, Venkateswaran KV, O'Brien TW. Simultaneous multiplex detection and conﬁr-
mation of the proteinaceous toxins abrin, ricin, botulinum toxins, and Staphylococcus
enterotoxins a, B, and C in food. J Agric Food Chem 2010;58:6600–7. [6-9-2010].
Gustafson I. Investigating the interaction of the toxin ricin and its B-chain with
immobilised glycolipids in supported phospholipid membranes by surface plasmon
resonance. Colloids Surf B 2003;30:13–24.
Haes AJ, Giordano BC, Collins GE. Aptamer-based detection and quantitative analysis of
ricin using afﬁnity probe capillary electrophoresis. Anal Chem 2006;78:3758–64.
Halter M, Almeida JL, Tona A, Cole KD, Plant AL, Elliott JT. A mechanistically relevant cyto-
toxicity assay based on the detection of cellular GFP. Assay Drug Dev Technol 2009;7:
356–65.
Harley SM, Beevers H. Ricin inhibition of in vitro protein synthesis by plant ribosomes.
Proc Natl Acad Sci U S A 1982;79:5935–8.
He X, McMahon S, McKeon TA, Brandon DL. Development of a novel immuno-PCR assay
for detection of ricin in ground beef, liquid chicken egg, and milk. J Food Prot 2010;
73:695–700.
123W.P. Bozza et al. / Biotechnology Advances 33 (2015) 117–123Heisler I, Keller J, Tauber R, Sutherland M, Fuchs H. A colorimetric assay for the quantita-
tion of free adenine applied to determine the enzymatic activity of ribosome-
inactivating proteins. Anal Biochem 2002;302:114–22.
Hines HB, Brueggemann EE, Hale ML. High-performance liquid chromatography-mass
selective detection assay for adenine released from a synthetic RNA substrate by
ricin A chain. Anal Biochem 2004;330:119–22.
Houston LL, Dooley TP. Binding of two molecules of 4-methylumbelliferyl galactose or
4-methylumbelliferyl N-acetylgalactosamine to the B chains of ricin and Ricinus
communis agglutinin and to puriﬁed ricin B chain. J Biol Chem 1982;257:4147–51.
Huebner M, Wutz K, Szkola A, Niessner R, Seidel M. A glyco-chip for the detection of ricin
by an automated chemiluminescence read-out system. Anal Sci 2013;29:461–6.
Jetzt AE, Cheng JS, Tumer NE, Cohick WS. Ricin A-chain requires c-Jun N-terminal kinase
to induce apoptosis in nontransformed epithelial cells. Int J Biochem Cell Biol 2009;
41:2503–10.
Kalb SR, Barr JR. Mass spectrometric detection of ricin and its activity in food and clinical
samples. Anal Chem 2009;81:2037–42.
Kanamori-Kataoka M, Kato H, Uzawa H, Ohta S, Takei Y, FurunoM, et al. Determination of
ricin by nano liquid chromatography/mass spectrometry after extraction using
lactose-immobilized monolithic silica spin column. J Mass Spectrom 2011;46:821–9.
Kirby R, Cho EJ, Gehrke B, Bayer T, Park YS, Neikirk DP, et al. Aptamer-based sensor arrays
for the detection and quantitation of proteins. Anal Chem 2004;76:4066–75.
Koja N, Shibata T, Mochida K. Enzyme-linked immunoassay of ricin. Toxicon 1980;18:
611–8.
Lamont EA, He LL, Warriner K, Labuza TP, Sreevatsan S. A single DNA aptamer functions as
a biosensor for ricin. Analyst 2011;136:3884–95.
Ling J, Liu WY, Wang TP. Radioassay for RNA N-glycosidase with tritium-labeled sodium-
borohydride or amino acid. Bioorg Chem 1994;22:395–404.
Liu HZ, Tang JJ, Ma XX, Guo L, Xie JW, Wang YX. Galactose-functionalized magnetic iron-
oxide nanoparticles for enrichment and detection of ricin toxin. Anal Sci 2011;27:
19–24.
Lubelli C, Chatgilialoglu A, Bolognesi A, Strocchi P, Colombatti M, Stirpe F. Detection of
ricin and other ribosome-inactivating proteins by an immuno-polymerase chain re-
action assay. Anal Biochem 2006;355:102–9.
MayMJ, Hartley MR, Roberts LM, Krieg PA, Osborn RW, Lord JM. Ribosome inactivation by
ricin A chain: a sensitive method to assess the activity of wild-type and mutant poly-
peptides. EMBO J 1989;8:301–8.
McGrath SC, Schieltz DM, McWilliams LG, Pirkle JL, Barr JR. Detection and quantiﬁcation
of ricin in beverages using isotope dilution tandem mass spectrometry. Anal Chem
2011;83:2897–905.
Mei Q, Fredrickson CK, Lian W, Jin S, Fan ZH. Ricin detection by biological signal ampliﬁ-
cation in a well-in-a-well device. Anal Chem 2006;78:7659–64.
Melchior Jr WB, Tolleson WH. A functional quantitative polymerase chain reaction assay
for ricin, Shiga toxin, and related ribosome-inactivating proteins. Anal Biochem 2010;
396:204–11.
Nagatsuka T, Uzawa H, Sato K, Kondo S, Izumi M, Yokoyama K, et al. Localized surface
plasmon resonance detection of biological toxins using cell surface oligosaccharides
on glyco chips. ACS Appl Mater Interfaces 2013;5:4173–80.
Narang U, Anderson GP, Ligler FS, Burans J. Fiber optic-based biosensor for ricin. Biosens
Bioelectron 1997;12:937–45.
Oda T, Komatsu N, Muramatsu T. Cell lysis induced by ricin D and ricin E in various cell
lines. Biosci Biotechnol Biochem 1997;61:291–7.
Olsnes S, Fernandez-Puentes C, Carrasco L, Vazquez D. Ribosome inactivation by the toxic
lectins abrin and ricin. Kinetics of the enzymic activity of the toxin A-chains. Eur J
Biochem 1975;60:281–8.
Parikh BA, Tortora A, Li XP, Tumer NE. Ricin inhibits activation of the unfolded protein
response by preventing splicing of the HAC1 mRNA. J Biol Chem 2008;283:6145–53.
Pauly D, Worbs S, Kirchner S, Shatohina O, Dorner MB, Dorner BG. Real-time cytotoxicity
assay for rapid and sensitive detection of ricin from complex matrices. PLoS One
2012;7:e35360.
Poli MA, Rivera VR, Hewetson JF, Merrill GA. Detection of ricin by colorimetric and chemi-
luminescence ELISA. Toxicon 1994;32:1371–7.Rasooly R, He X. Sensitive bioassay for detection of biologically active ricin in food. J Food
Prot 2012;75:951–4.
Ruan CM, Varghese OK, Grimes CA, Zeng KF, Yang XP, Mukherjee N, et al. A magnetoelastic
ricin immunosensor. Sens Lett 2004;2:138–44.
Rutenber E, Robertus JD. Structure of ricin B-chain at 2.5-a resolution. Proteins 1991;10:
260–9.
Saenz JB, Doggett TA, Haslam DB. Identiﬁcation and characterization of small molecules
that inhibit intracellular toxin transport. Infect Immun 2007;75:4552–61.
Sandvig K, Olsnes S, Pihl A. Kinetics of binding of the toxic lectins abrin and ricin to surface
receptors of human cells. J Biol Chem 1976;251:3977–84.
Sandvig K, Torgersen ML, Engedal N, Skotland T, Iversen TG. Protein toxins from plants
and bacteria: probes for intracellular transport and tools in medicine. FEBS Lett
2010;584:2626–34.
Shankar K, Zeng KF, Ruan CM, Grimes CA. Quantiﬁcation of ricin concentrations in
aqueous media. Sensors Actuators B Chem 2005;107:640–8.
Shapira A, Benhar I. Toxin-based therapeutic approaches. Toxins (Basel) 2010;2:2519–83.
Shia WW, Bailey RC. Single domain antibodies for the detection of ricin using silicon
photonic microring resonator arrays. Anal Chem 2013;85:805–10.
Shyu HF, Chiao DJ, Liu HW, Tang SS. Monoclonal antibody-based enzyme immunoassay
for detection of ricin. Hybrid Hybridomics 2002a;21:69–73.
Shyu RH, Shyu HF, Liu HW, Tang SS. Colloidal gold-based immunochromatographic assay
for detection of ricin. Toxicon 2002b;40:255–8.
Simonova MA, Valyakina TI, Petrova EE, Komaleva RL, Shoshina NS, Samokhvalova LV,
et al. Development of xMAP assay for detection of six protein toxins. Anal Chem
2012;84:6326–30.
Stechmann B, Bai SK, Gobbo E, Lopez R, Merer G, Pinchard S, et al. Inhibition of retrograde
transport protects mice from lethal ricin challenge. Cell 2010;141:231–42.
Stine R, Pishko MV, Schengrund CL. Comparison of glycosphingolipids and antibodies as
receptor molecules for ricin detection. Anal Chem 2005;77:2882–8.
Stirpe F, Battelli MG. Ribosome-inactivating proteins: progress and problems. Cell Mol Life
Sci 2006;63:1850–66.
Sturm MB, Schramm VL. Detecting ricin: sensitive luminescent assay for ricin A-chain
ribosome depurination kinetics. Anal Chem 2009;81:2847–53.
Tran H, Leong C, Loke WK, Dogovski C, Liu CQ. Surface plasmon resonance detection of
ricin and horticultural ricin variants in environmental samples. Toxicon 2008;52:
582–8.
Uzawa H, Ohga K, Shinozaki Y, Ohsawa I, Nagatsuka T, Seto Y, et al. A novel sugar-probe
biosensor for the deadly plant proteinous toxin, ricin. Biosens Bioelectron 2008;24:
929–33.
Wadkins RM, Golden JP, Pritsiolas LM, Ligler FS. Detection of multiple toxic agents using a
planar array immunosensor. Biosens Bioelectron 1998;13:407–15.
Wahome PG, Bai Y, Neal LM, Robertus JD, Mantis NJ. Identiﬁcation of small-molecule in-
hibitors of ricin and shiga toxin using a cell-based high-throughput screen. Toxicon
2010;56:313–23.
Walsh MJ, Dodd JE, Hautbergue GM. Ribosome-inactivating proteins: potent poisons and
molecular tools. Virulence 2013;4:774–84.
Weingart OG, Gao H, Crevoisier F, Heitger F, Avondet MA, Sigrist H. A bioanalytical plat-
form for simultaneous detection and quantiﬁcation of biological toxins. Sensors
2012;12:2324–39.
Yu H, Raymonda JW, McMahon TM, Campagnari AA. Detection of biological threat agents
by immunomagnetic microsphere-based solid phase ﬂuorogenic- and electro-
chemiluminescence. Biosens Bioelectron 2000;14:829–40.
Zamboni M, Brigotti M, Rambelli F, Montanaro L, Sperti S. High-pressure-liquid-chro-
matographic and ﬂuorimetric methods for the determination of adenine released
from ribosomes by ricin and gelonin. Biochem J 1989;259:639–43.
Zhan J, Zhou P. A simpliﬁed method to evaluate the acute toxicity of ricin and ricinus ag-
glutinin. Toxicology 2003;186:119–23.
Zhao SY, Liu WS, Wang M, Li JP, Sun YC, Li N, et al. Detection of ricin intoxication in mice
using serum peptide proﬁling by MALDI-TOF/MS. Int J Mol Sci 2012;13:13704–12.
